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Abstract
The concept and method of in-line sputtering and selenization become the industrial
standard for Cu-III-VI2 solar cell fabrication, but it is a difficult work to control and predict
the electrical and optical performances, which are closely related to the chemical compo-
sition of the film. This chapter addresses the material design, device design, and process
design using chemical compositions relating parameters. Compositional variation leads to
change in the poisson equation, current equation and continuity equation governing the
device design. To make the device design much realistic and meaningful, we have to build
a model that relates the opto-electrical performance to the chemical composition of the
film. The material and device structural parameters are input into the process simulation
to give a complete process control parameters and method. We calculated neutral defect
concentrations of non-stoichiometric CuMSe2 (M-In, Ga) under the specific atomic chem-
ical potential conditions. The electrical and optical performance has also been investigated
for the development of full function analytical solar cell simulator. Module instability and
their origins are listed. After that progress of CZTS (Cu2ZnS4) is briefed on the future
work of CIGS (CuInGaSe2). The future prospects regarding the development of CIGS thin-
film solar cells (TFSCs) have also been discussed.
Keywords: Cu-III-VI2, non-stoichiometric, material process and device design, module
stability, progress of CZTS
1. Introduction
During past few decades the PVmarket has grown at a remarkable rate especially focused on the
thin-film solar cells (TFSCs) and it is on their way to becoming a major source of electricity
© 2018 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
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production around the world. Although the research and development of CIGS are still in crucial
phase due to low production yields, non-reproducibility, and non-uniformity over large area
confronted during the industrialization and commercialization. Governing such issues, we
published our first research paper in the year 2003 on “Steps toward industrialization of Cu-III-
VI2 thin film solar cells: A novel in-line concept” [1]. After that, the concept of in-line sputtering
and selenization become international standard globally. From that time, dozens of CIGS
manufacturing units established worldwide but rare claim successful in production due to diffi-
culty in controlling the local chemical composition distribution of the film.Moreover, the produc-
tion efficiency of large-area photovoltaic (PV) cells and panels varies in the wide range from 6 to
13%. During the decades of fast development of Cu-III-VI2 thin film solar cells, much more
research and industrial method were proposed. In this chapter, we will depict the principles and
development of some essential issues for industrialization of Cu-III-VI2 thin film solar cells.
In the year 2003, we published another research “Preliminary steps toward industrialization of
Cu-III-VI2 thin film solar cells: development of an intelligent design tool for non-stoichiometric
photovoltaic materials” [1] pointing on the problem encountered during the commercializa-
tion. Over the years, many experimental and theoretical research works published in many
journals focused on various subjects of problems and its solutions for CIGS TFSCs [2–9].
In 2013, we published one more research article “Steps toward removing some obstacles of
industrialization of CIGS solar cells” [10]. This article pointing to the new concept of metal
organic sputtering was used to tune and tailor the film compositions based on the programme
material and device design. What shown in Figure 1 is the method of our intelligence material
and device design, describing the detailed calculation of the neutral defect concentrations of
non-stoichiometric CuInSe2, CuGaSe2, and ZnO in specific atomic chemical potential condi-
tions (μx = 0, X = Cu, In/Ga, Zn).
Figure 1. The scheme of our materials design and device design in which the electrical and device properties are
optimized, and related to the process parameters such as, chemical potential and non-stoichiometry.
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These main and key schemes of the intelligence design are the calculations of device and
process design. The carrier concentration and the electrical properties of these materials with
variable atomic constitutions are further calculated, which demonstrate the main functions of
the CAD tool used [1, 10–13].
The present communication we have summed up the material design, device design,
and process design to get deep knowledge on the chemical composition variation for obtaining
the complete process control parameters. These designing tools will moderately help to over-
come all the obstacles encountered during the industrialization of CIGS thin film solar cells.
The future aspects of industrialization of CIGS thin film solar cells are also discussed.
2. Introduction on intelligence material design
2.1. Experimental data
Weall know that Cu-III-VI2 typically have awide phase stability range,which extends a fewatomic
percents of the chemical composition of the thin-film, contract to III-V, and II-VI compounds.
Shown in Figure 2 is the chemical composition for a near-stoichiometric CuInSe2. The variations in
the CuInSe2 film was detected using a transmission electron microscope (TEM) equipped with a
field emission gun [10]. A similar result had also been reported for CIGS thin-film [11].
2.2. Theoretical data
In 2003, we published an example of the design tool for the non-stoichiometric compound
using the concept of minimization of total free energy [1, 12, 13], which includes the configu-
rational entropy, that defined as;
Figure 2. Chemical composition of a near-stoichiometric CuInSe2 film measured consecutively by using an electron beam
with a 3 nm probe size along a line marked on a TEM micrograph (left) and the plotted data (right) (corresponding to the
data in Table 1).
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G T;Crystal size
 
¼ ΣniEfi  TSconfig, Sconfig ¼ Kln
Ntotal!
pijNj!
(1)
where ni is the number of the ith defect, Efi is the formation energy, Sconfig is the configurational
entropy, T is the temperature, K is the Boltzmann constant, N is the total number of lattice sites,
and Ni is the total number of defect sites of the ith defect. We find the possible results for the co-
existence of donors and acceptors in CuMSe2 (M = In, Ga), which includes either the new
defects produced through interaction or donor-acceptor pair/cluster formation.
Table 2 shows the defect formation energies and the defect transition levels. We also find the
possible phases of CuMSe2 resulted due to the compensated donor-acceptor pairs in different
Cu concentration, for example, Cu1M3Se5 phase is observed by 80% Cu1M5Se8 and 20%
CuMSe2.
Cu(at%) In(at%) Se(at%) Cu/In
Maximum 28.2 28.1 57.1 1.18
Minimum 17.2 22.6 47.9 0.62
Average 20.9 25.9 53.3 0.81
Standard deviation 2.73 1.37 2.80 0.12
Table 1. Chemical composition of a near-stoichiometric CuInSe2 films.
Table 2. The defect formation energies and defect transition levels used in our calculations [14].
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Figure 3. The calculated carrier concentration and electrical conductivity of CuInSe2 (left) and CuGaSe2 (right) at 300 K.
Figure 4. The measured conductivity of the CuInSe2 thin-film along the Cu2Se-In2Se3on-tie line with composition (Cu2Se)
1x(In2Se3)x(line 1) and the calculated range (between line 2 and 3) near the Cu2Se-In2Se3 tie line at 300 K.
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To solve the charge neutrality equation, we require several parameters, such as the carrier
concentrations, Femi level at a certain temperature and ionized/neutral defect concentrations.
In Figure 3, the calculated carrier concentration and electrical conductivity of CuInSe2 and
CuGaSe2 at 300 K are shown. Note that in Figure 4, the conductivity will increase first and then
decrease down to the film composition from stoichiometry to Cu-poor, after that the conduc-
tivity is even lower than that of the stoichiometry.
3. Brief on the device design
The simulator SCADS 3.2 [15] has been widely accepted for numerical analysis of CIGS
solar cell devices. In 2014, the 19% efficiency of the solar cell was simulated by Naoki
Ashida et al. [16]. In this report, the 2 μm thick CIGS absorber layer was divided into
two regions, such as low defect density region (front side) and high defect density region
(back side).
We also developed an alternate full function (indoor, outdoor, and I-V, C-V) analytic solar cell
simulator, in which the following (time-independent) device equations are considered.
a. The continuity equation
O ¼ 
1
q
d
dx
τp þ Gp  Rp, Rp ¼
Δp
τh
,Δp ¼ pn  pno (2)
O ¼ 
1
q
d
dx
τn þ Gn  Rn, Rn ¼
Δn
τe
,Δn ¼ np  npo (3)
b. Transport equations
τp ¼ pqμp E qDp
dp
dx
(4)
τn ¼ nqμn Eþ qDn
dn
dx
(5)
We have considered all the boundary conditions (n-QNR/SCR interface, front contact, p-QNR/
SCR interface, and back contact), in which QNR stands for the quasi-neutral region and SCR
stands for space charge region for a typical n-CdS/p-CIGS device structure. In results of our
simulation, we show that the higher efficiency cells are distributed along the line from Cu:
Se = 0.3:0.5 to the stoichiometric point and the line from Cu:Se = 0.21:0.52 to the stoichiometric
point. What is shown in Figure 5 is the comparison of the computed efficiencies with the national
renewable energy laboratory (NREL) experimental data, where the device structures of these
cells are ZnO/CdS/CuInSe2. As to the higher efficiency cells, the atomic compositions are espe-
cially concentrated near Cu:Se = 0.22:0.51 or along the line from Cu:Se = 0.22:0.51 to the stoichio-
metric point.
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In the last decades, many studies on interface and surface compositional profile have been
dealt with the advanced characterizations for the high-efficiency CIGS solar cells. A few
examples are:
1. Conduction band profiles are changed by the three stage selenization [17].
2. Ordered defect compounds (ODC: CuInSe2, CuIn3Se5, CuIn5Se8, etc.) resulted from
CuInSe2/CIGS solar cell studies, in which the X-ray photoelectron Spectroscopy (XPS)
investigations depicted the depletion of Cu near the surface, and the theory as well
experiments predicted ordered defect compound structured [18].
3. Shown in Figure 6, defect pairs (2Vcu and Incu) stabilizes the CuInSe2 surface and band
alignment gives hole barrier at the interface via the investigations by low energy electron
Figure 5. The comparison of the computed efficiencies as compared with NREL’s database of ZnO/CdS/CuInSe2 solar
cells: (upper) 3D view, (lower) 2D view.
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diffraction (LEED), angular resolved ultraviolet photoelectron spectroscopy (ARUPS) and
auger electron spectroscopy (AES) [14].
4. Secondary ion mass spectrometry (SIMS) depth profile of Cu, In, Ga, Se, Cd, and Na
revealed the CdS/CIGS/ZnO diffusion phenomena as shown in Figure 7 [19].
Sample Figure 7(a) and (b) were obtained from the different origins, note that the differ-
ence in the Ga profile in the SIMS depth profiles are due to the different processes.
5. Defect in grains and grain boundaries [20].
Figure 6. The complete band alignment includes the copper depletion at the interface.
Figure 7. SIMS depth profile of Cu, In, Ga, Se, Cd, and Na. (1) CdS/CIGS and ZnO diffusion. (2) Cu, In, Ga, and Se depth
profile. (3) Quantitative analysis of Na in CIGS.
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The properties of the interfaces in semiconductor devices are critically dependent on the
detailed atomic structure of the contact plane. Therefore, the model of the junction in chalco-
pyrite thin-films was simulated by the well-defined interface to classify the influence of grain
boundaries, lateral inhomogeneity and chemical variations in compositions and their distribu-
tions across and aside from the contact planes. By X-ray photoelectron spectroscopy (XPS),
ultra-violet photoelectron spectroscopy (UPS), Low energy electron diffraction (LEED), scan-
ning tunneling microscopy (STM), and X-ray photoemission electron microscope (XPEEM), we
can be obtain all these information using the modern analytic tools such as in-situ band
alignment, band broadening, and chemical reacted interfaces. After that by experiments and
incorporated with our material analysis we could determine their crystalline structure with
high resolution for better accuracy and reproducibility obtained in the device design for the
future industrial applications.
4. Brief on the process design
In sections above, the opto-electrical properties of the polycrystalline semiconductors are
affected by structure and composition greatly.
In this section, the way of the poly-structure generation is better described through careful
observation of the transfer procedures during the manufacturing process, which would be bene-
ficial to know the deposited atoms final positions and the microstructures of the materials. The
composition and the structures could be tuned based on controlling and modifying the process
by adjusting the process parameters in order to obtain the desired opto-electrical properties.
We describe the better understanding of the way to generate poly-structure through careful
observation of the particle transfer procedures during the manufacturing processes after
knowing the final positions of the deposited atoms and the materials microstructures. On
controlling and modifying the process, the composition as well structure can be tuned directly
by varying the process parameters to acquire the desired opto-electrical properties.
The metallic grain structures are described by the original Thornton’s zone model [21]
according to the sputtering gas pressure and the substrate temperature. Since the high deposi-
tion rate, the magnetron sputtering process is most preferred for the industrial application.
Also, the energy-dependent sputter yield is noted. Ellmer illustrates the inter-relationships
between the process parameters (like substrate temperature and deposition rate) and the
structural/optoelectrical properties in a new model [22]. However, the pressure (particles
momentum) effect is not considered in this model.
4.1. Berg’s model
The Berg’s model is particularly utilized in the ZnO reactive sputtering. Basically, the surface
coverage on the deposited film is just the composition of the film, but the composition is not
easy to control since the system is unstable, where it requires the plasma diagnose sensor for
feedback control. About the basic idea of the Berg’s model [23, 24], the changes of the number
of absorbed oxygen atoms per unit area Nx at the surfaces of the target is:
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dNT
dt
¼ 2αt 1 θ1ð Þ  J=eSNθ1 (6)
At the substrate:
dNS
dt
¼ 2αCF 1 θ2ð Þ þ
J
e
SNθ1
At
AC
1 θ2ð Þ 
J
e
SM 1 θ1ð Þ
At
AC
θ2 (7)
where αx is the sticking coefficients, Sx is sputtering yields, and θX is the coverage. What
shown in Figure 8 is the basic idea of Berg’s model and in Figure 9 is an example of the
simulation result of the ZnO reactive sputtering system (θ2 always <1). We also use the Berg’s
model to predict the composition of the compound thin-film. After that, we can also predict
whether the operating point is stable. Therefore, we can investigate the time-dependent behav-
ior of the reactive sputtering (Figure 10).
4.2. CISe RTP-the IEC’s model
CuxIny þH2Se or Seð Þ: (8)
After we finish the CuInSe2 defect concentration calculations, we can apply the result to the
model, which was developed by IEC [26] to predict the processing time under a certain process
temperature.
Figure 8. The basic idea of the Berg’s model.
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For Cu In.
2Inþ Se! In2Se k2 (9)
In2Seþ Se! 2InSe k3 (10)
2CuInþ 2Se! Cu2Seþ In2Se ka (11)
2InSeþ Cu2Seþ Se! 2CuInSe2 k7 (12)
where Ki ¼ Kioexp

Eai
RT
 
and V=
P
nixNAvo xVunitcell, nunitcell, is the film volume taken as a time-
independent constant.
ni ¼ i½ xV are the mole numbers, nunitcell is the number of pairs of the atoms in the unit cells.
Figure 10 shows an example of the Se or H2Se RTP of Cu:In:Se = 0.24:0.25:0.51 CuxIny films at
450C, μCu = 0, μIn = 0; the mole ratio of the constitute atoms (in the film) as functions of the
processing time. (Film volume = (2.5 cm) 2  2 μm). In our non-stoichiometric case, the initial
mole concentrations of Cu and in taken from our calculated data. Then, these were input to the
CuxIny and in mole concentrations in order to solve the ordinary differential equation system.
Regarding building the non-stoichiometric structures, we build the XRD spectrum. The
supercell values have been used to calculate the XRD spectrum of non-stoichiometric CuInSe2
Figure 9. A simulation result of the ZnO reactive sputtering system [25].
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and CuGaSe2. In our work, the method described by Attia et al. [27] has been incorporated and
only modify the structural factor by summing over all the atoms in the supercell. The defect
site in each defect cells has been chosen randomly. We observed the presence of extra small
peaks in the XRD spectrum, as shown in Figure 11 [14].
Anomalous neutron diffraction scattering of synchrotron X-ray radiations gives more accurate
data of composition distributions [28]. However, in-situ XRD is the most convenient tool for
monitoring the deviations from the stoichiometric compositions. An incapability gap is indicated
by the substantial increase in full width at half maximum (FWHM), in which the lattice constants
depends on Ga/III and follow the Vegrad’s law [29–31]. For industrial use for future process
monitoring and control, more work should be done to make it more feasible to be used.
5. Some means to improve film composition control
When CIGS or other thin-films were fabricated, there will be chemical fluctuation-induced
nano-domains. We developed a novel metal-organic sputtering (MO-sputtering) technique in
our work, in which metal organic compound such as trimethygallium (TMGa) as the reactant
was used during the reactive sputtering procedure. In Figure 12, the Ga/(Ga + In) ratio changes
Figure 10. The Se or H2Se RTP of Cu:In:Se = 0.24:0.25:0.51 CuxIny films at 450
C, μCu = 0, μIn = 0; the mole ratio of the
constitute atoms (in the film) as functions of the processing time (120 min). (Film volume = (2.5 cm) 2  2 μm).
Figure 11. Simulated XRD spectra of non-stoichiometric CuInSe2; Cu:In:Se2 = 0.21:0.26:0.53.
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Figure 12. Preliminary result on the metal organic sputtering of CIGS PV. (a) Ga content as a function of TMGa flow rate,
(b) the content of Ga as a function of substrate temperature, (c) plain view SEM image of the deposited CIGS film, and (d)
cross-section.
Figure 13. Room temperature Raman shift in CuIn1–xGaxSe2 thin-films of thickness 600 nm deposited on a glass
substrate with a change in Ga content, the Raman peak shifted from 173.8 to 184.6 cm1 in A1 mode and u is Se shift
parameter. Reproduced with permission.
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as a function of TMGa flow rate and substrate temperature [1]. And the linear relationship of
Ga/(Ga + In) with the TMGa flow rate to adjust the deposited film composition is particularly
interesting. I could conclude from in Figure 12 that the Raman shift as a function of the film
composition change of Cu/(Ga + In) from the micro-Raman spectroscopy. It is clear that the
micro-Raman shift is sensitive to the composition change of the CIGS thin-films. If we combine
the use of Mo-Sputtering for the film growth and its feedback monitoring with the Raman
shift, a means to better control the stoichiometry of thin-film might be provided during the
manufacturing steps (Figures 13 and 14).
6. The stability of CIGS on an industrial scales
Degradation of modules at the moment, the highest conversion efficiency η of CIGS was 22.3%
(Solar Frontier 2015) [32–38]. The three main parameters determining the cost competitiveness of
electricity from PV panel is shown in Figure 15. The degradation rate per year is obtained by:
Degradation %ð Þ ¼
ηinitial  ηfinal
ηinitial  Time
 
 100%: (13)
The time is given in year. Table 3 shows the recently tested modules vary from very stable (No
degradation after 7 years) to vulnerable to outdoor exposure.
Degradation depends on many parameters such as module production technologies, module
type, production year, the orientation of the panel, climate, and installation location, as well as
installation parameters like system voltage.
Generally, the investigation of degradation process in CIGS solar cells and modules is the
complex and definite identification of failure mechanisms can be complicated.
Figure 14. Micro-Raman spectroscopy results on the composition of thin-films.
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Table 4 shows an overview of failure modules loading to CIGS module degradation and
global categorization, when they are specific to CIGS or also observed for other thin-film
modules. It was concluded that CIGS solar cells and modules are very sensitive to humidity.
Furthermore, sensitivity to, for example, temperature (shocks), electrical bias, and illumination
has been found, but the impacts of these loads are not necessarily detrimental.
Figure 15. The three main parameters determining the cost competiveness of electricity from PV panels.
Table 3. Literature overview of degradation rates (%/year) of CIGS modules obtained from field tests at different
locations.
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7. Progress in thin-film solar cells (TFSCs) based on Cu2ZnSnS4 (CZTS)
CZTS is a material, which has been found in nature. Figure 16 shows the content and the
world trading price of the elements used in light absorbers CdTe, Cu2ZnSnS4, and CuInSe2 for
thin film solar cells [25, 39–49]. It shares similar structure which the chalcopyrite materials
CuInS expect that half of the in is replaced with Zn and Sn. Crystallographically speaking,
CZTS has two principal structures known as stannite-type and keasterit-type. The two struc-
tures are similar expect the different arrangement of Cu and Zn atoms. However, CZTS
materials usually appear in keasterit phase because it is more stable.
Thermal dynamically compared to the stannite-type. The evolution of the power conversion
efficiency of CZTS based solar cells is summarized in Figure 17.
The recorded power conversion efficiency of CZTSSe solar cells (12.6% reported in 2013)
remains significantly than that of CIGSe (22.6%).
In order to improve the efficiency of CZTS based TFSCs, a deep research of CZTS based TFSCs
and the fundamental properties of CZTS, particularly the nature of defects as well as their
influence on the performance of CZTS materials is crucial. CZTS TFSCs, which have produced
good efficiency normally, show Cu-poor/Zn-rich in composition. Therefore, secondly, phase
should exist in the light absorber. It is necessary to identify those second phases and their defects
in order to optimize the fabrication process to make CZTS thin-films with desired properties.
Table 4. Summary of failure as observed for CIGS.
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Figure 17. Evolution of the conversion efficiency of thin film solar cells using CZTS as light absorber layer.
Figure 16. Content and the world trading price of the elements used in light absorbers CdTe, Cu2ZnSnS4, and CuInSe2 for
thin film solar cells.
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8. Future aspects
Moreover, research institute NREL, USA and Fraunhofer ISE, Germany periodically publish the
status reports on different stages of CIGS developments [49–52]. These reports greatly promote
technology developments and industrialization of thin-film CIGS produces. Although, many
challenges still lie ahead including optimization and control on the CIGS absorber film stoichi-
ometry, interface, and film uniformity over large areas for the power module fabrication.
At presents, of monocrystalline and multicrystalline Si PV production, are dominant in the PV
market, but the importance of TFSC will steadily rise in the coming decade. After that, in
recent years the CIGS already win its own counterparts such as CdTe and a-Si (Figure 18) [53].
Figure 18. Thin-film technologies worldwide annual PV module production inMWp.
Figure 19. Closing the gap between laboratory cells and modules.
Emerging Solar Energy Materials146
From the early report from NREL [54], it is greatly needed to develop continuous technologies
to close the gap between laboratory cells and modules. And this is the purpose to develop
science and technology to indicate the possibility to realize optimization and precise control of
non-stoichiometric Cu-III-VI2 compound in the future manufacturing (Figure 19).
9. Conclusions
In this chapter, we introduced thematerial designs on chemical compositions and compared some
of the most important academic solar cell simulators. However, these simulators cannot load
many files one by one and inevitably one analytic simulator favored especially for the non-
stoichiometric PVmaterials, based on defect concentration of the CIGS alloy. This is the first phase
to develop the comprehensive intelligent design (materials/devices/process). For industrial appli-
cations, much more refined detail work must be undertaken to further fulfill the need of PV cells
for non-stoichiometric materials in a large area. For improving the process flow and performance
of CIGS photovoltaic a fundamental improvement on the manufacturing technology and use of
the concept of intelligent design are necessary. As CIGS PV technology matures to production on
an industrial scale, the long-term stability becomes more important, which affects the cost the
competitiveness of PV electricity and both the degradation rate of CIGS modules from a field test
and their failure modes are listed. Moreover, the progress of thin film solar cells based on CZTS
(Cu2ZnSnS4) is briefed, which shows future direction of material development of CIGS.
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